INTRODUCTION
As part of a programmatic study of the uraniumplutonium carbides as advanced fast reactor fuel mateĩ als, an investigation of some of their mechanical properties has been undertaken at the Los Alamos Scientific Laboratory ( LASL). The principal goal of this investigation has been to determine the mechanical properties of well-characterized, relatively pure materials with special emphasis on detemnining the effect of microstructure, i. e., grain size, porosity, and secondary phases, on structure-sensitive properties such as high temperature creep. Since a knowledge of the mechanical properties of the fuel element material is a requisite for reactor design, this study has provided useful engineering data, and it is hoped that this information, coupled with elastic mcduli measurements and diffusion data, might be used to enhance our understanding of basic high temperature deformation mechanisms in the actintde carbides.
II. COMPRESSIVE CREEP
A. Equtpment and Procedure UO. #uO. Zi Cl.~creep specimens ( electrochemical analysis shown in Table I ), hating a sintered The graphite susceptor rests on a stack of pyrolytic graphite insulating disks atop the hydraulic ram.
Changes in stoichiometry in the specimens due to carbon pick-up from the graphite push-rods are reduced by 30-mil-thick boron carbide disks which are placed between the ends of the specimen and the graphite rcda.
The assembly is completed by a stack of pyrolytic graphite disks placed above the top push-rod.
The creep data presented here were cbtained from micrometer meaeurementa of the specimen dimensions made before and after each creep run. Because of the limitations of this procedure, an optical extensometer has been set up and future measurements will be made with this instrument.
* Details of specimen preparation are given in "Synthesis and Fabrication of Pure, Single-Phase UraniumPlutonlum Monocarbide Pellets, " by M. W. Shupe, A. E. Ogard, and J. A. Leary, LAMAlamos Scientific Laboratory report LA-4283 ( 1969) . 
In Eq.
(1), { is the creep rate (hours-i), u is the compressive stress (Psi), R is the gas constant (kcal/mole/ o K), T is the temperature ('K), Q is the activation energy (kcal/mole), n is the stress exponent, and A is a constant. The equation that best fit the data was -126.4 kcal/mole { = '7.96 X 104U2"44EIXP( RT ). An Arrhenius plot of the secondary creep rates is shown in Fig. 3 . The solid lines were calculated from Eq. (2). It is evident that the activation energy was independent of stress and temperature. The activation energy for creep of ( UO. S5PU0.b)CO.~5N0. S5) has been reportedl as 100* 10 kcal/mole and, in a study of cresp in UC and (U, Pu) C, Kflley et a12 reported an activation energy on the order of 100 kcal/mole for creep in ( U, Pu) Cl-x containing about 15% PuC in solid solution.
Other investigators 3-9 of creep in UC have reported activation energies between 37.5 and 90 kcal/ mole. A compilation of the reported activation energies from some of these studies is given in Table II along 10-17 with the results of some self-diffusion studies in UC.
The activation energy for high temperature creep for most metals and ceramics is found to be nearly equal to that for self-diffusion, 18 but in the case of UC it is difficult to interpret the mechanical behavior at high temper atures in terms of the self-diffusion measurements due to the wide range of activation energies reported and also beoause the creep studies were not conducted on the same material used in the self-diffusion work. Most investigators agree that carbon diffuses 2 to 3 times faster than uranium in UC, hence one would assume that uranium diffusion is rate-controlling for 10,13 creep. In some casee, however, evidence of enhanced grain boundary diffusion of uranium in limited temperature ranges has been reported, with resulting low values for the activation energy for self-diffusion.
Until both creep and self-diffusion measurement are conducted at the same laboratory on the same material, the rate-controlling diffusion mechanism will remain in doubt. For the solid-solution uranium-plutonium carbides, no self-diffusion studiee have been reported and so no attempt to analyse the creep measurements f.n terms of dtffusion data can be made. where L is the average gratn length and B is the width, 23,24 As relative to the compressive stress direction.
suming an initial value for L/B of unity (equiaxed grains ), the grain strain, i.e. deformation within the grains due to slip or dislocation climb, is
The relative contributions of the two processes, gratn strain and grain boundary sliding, to the overall specimen deformation can be obtained from the ratio of grain atrain to total etrain, c~/c 1. U the deformation is due only to straining of the grains, then 60/cT = 1, but if the deformation is due only to relative translational move ments of the grain with no change in the average grain shape having taken place, then 60/cY is zero,
Taking as an example a UO. @uO. ZiCl.~specimen deformed 25. 6% (at 1400°C, 4000 psi), the L/B was determined to be 0.99. Hence, from Eq. (3), the grain strain was practically zero, indicating that almost all the creep strain resulted from grain boundary sliding.
In another example, a specimen deformed 50.6%
(at 1500°C, 6000 psi) had an L/B of 0.86, from whtch In the literature on grain bounda~sliding, some 26,27 writers have suggested that sliding accounts for all of the initial deformation until some "critical" strain when slip first occurs. In some materials, however, it has been found that the creep mecbanlsm depends on the 23 strain rate and temperature.
For example, Rachinger reported that at low strain ratee and at relatively low temperatures (< 200°C) the main contribution to the strain h aluminum ie grain strain, whereas above 250°C, relative translational grain movements account for the greater part of deformation, unlese the etrain rate is high, in which case graim strain accounted for the specimen deformation. For the UO.BPuO. ZiCi.~specimen deformed 50. 6%, therefore, it is not known at this point whether the grain strain resulted from the high strain rate encountered at the extreme test conditions ( 1500°C, 6000 psi) or whether the creep mechanism changed at some "critical" etrain (or stress). One way to attempt to resolve this question would be to systematically strain a number of specimens at different s tratn rates to the same total strain, at which point the specimens would be examined ceramographically for grain strain.
The effect of temperature would also have to be accounted for, since the creep mechanism could change wtlh temperature.
The interpretation that grain boundary sliding is a major creep mechanism in (U, Pu) C is supported by ceramograpbic examinations of pore shape. As shown in Fig. 6 , poree in an as-sintered pelle"t are generally , rounded and non-oriented, whereas pores in a severely In a specimen which is porous initially, however, changes in pore shape could facilitate sliding by alleviating the grain strain requirement.
It is interesting to note that Stellrechget a15 obtained evidence of extensive grain strain in creep in UC, but their UC was arc-cast material with a grain size of about 200 to 300 pm, compared to 20 to 30~m for the 6 sintered (U, Pu) C used in this study. It seems reasonable that grain boundary sliding would be more important in tbe material which has the larger number of sliding interfaces. Thus there may be some critical grain size below which grain boundary sliding is the predominant creep mechanism and above which dislocation climb is of major importance.
It is hoped that the effects of grain size and porosity on creep rate and mechantsm can be determined in future work. E creep rate is found to be inversely proportional to grain size, then Langdon's grain boundary theory would gain further support and the importance of grain boundary sliding in creep of ( U, Pu) C would appear to be firmly established. It must be emphasized that the effect of microstructure on creep in the actinidc carbides has never been systematically studied, so the mechanisms of mechanical behavior in the materials are still a matter of conjecture. 
III. HOT HARDNESS A. Equipment and Procedure
A schematic diagram of a hot-hardness tester in use at the LASL plutonium facility is shown in Fig. 7 .
In this apparatus, the specimen rests on an anvil that can be raised or lowered manually from outside the glovebox by a push-rod which passes through a vacuum 
